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Conversion Table

(Conversion factors for U.S. customary to

metric (SI) units of measurement)

To Convert From

To

Multiply By

angstrom

meters (m)

1.000 000 x E-10

atmosphere (normal)

kilo pascal (kPa)

1.013 25 x E+2

bar kilo pascal (kPa) 1.000 000 x E+2
barn meter? (m?) 1.000 000 x E-28
British thermal unit

(thermochemical) joule (J) 1.054 350 x E+3

cal (thermochemical)/cm?

mega joule/m? (MJ/m?)

4.184 000 x E-2

calorie (thermochemical)

joule (J)

4.184 000

calorie (thermochemical)/g

joule per kilogram (J/kg)

4.184 000 x E+3

curie

giga becquerel (GBq)

3.700 000 x E+1

degree Celsius

degree kelvin (K)

te = tc + 273.15

degree (angle)

radian (rad)

1.745 329 x E-2

degree Fahrenheit

degree kelvin (K)

tc = (tg + 459.67)/1.8

electron volt joule (J) 1.602 19 x E-19
erg joule (J) 1.000 000 x E-7
erg/second watt (W) . |1.000 000 x E-7
foot meter (m) 3.048 000 x E-1
foot-pound-force joule (J) 1.355 818
gallon (U.S. liquid) meter’ (m?3) 3.785 412 x E-3
inch meter (m) 2.540 000 x E-2
jerk joule (J) 1.000 000 x E+9
joule/kilogram (J/kg)

(radiation dose absorbed) |gray (Gy) 1.000 000
kilotons terajoules 4.183
kip (1000 Ibf) newton (N) 4.448 222 x E+3

kip/inch? (ksi)

kilo pascal (kPa)

6.894 757 x E+3

ktap

newton-second/m? (N-s/m?)

1.000 000 x E+2

micron

meter (m)

1.000 000 x E-6




Conversion Table (Concluded)

To Convert From

To

Multiply By

mil

meter (m)

2.540 000 x E-5

mile (international)

meter (m)

1.609 344 x E+3

ounce

kilogram (kg)

2.834 952 x E-2

pound-force
(1bf avoirdupois)

newton (N)

4.448 222

pound-force inch

newton-meter (Nem)

1.129 848 x E-1

pound-force/inch

newton/meter (N/m)

1.751 268 x E+2

pound-force/foot?

kilo pascal (kPa)

4.788 026 x E-2

pound-force/inch? (psi)

kilo pascal (kPa)

6.894 757

pound-mass
(ibm avoirdupois)

kilogram (kg)

4.535 924 x E-1

pound-mass-foot*
(moment of inertia)

kilogram-meter? (kgem?)

4.214 011 x E-2

pound-mass/foot?

kilogram-meter> (kg/m?3)

1.601 846 x E+1

rad (radiation dose

absorbed) gray (Gy) 1.000 000 x E-2
roentgen coulomb/kilogram (C/kg) 2.579 760 x E-4
shake second (s) 1.000 000 x E-8
slug kilogram (kg) 1.459 390 x E+1

torr (mm Hg, 0°C)

kilo pascal (kPa)

1.333 22 x E-1
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SECTION 1

KINETIC BRANCHING OF THE N* + O REACTION

A study of the atmospheric reactions 3 + M; and N + O, which yield vibrationally excited
NO molecules has been initiated. The sources of NO emission in the IR are not fully understood
and the detailed kinetic branching of these reactions is being studied (References 1 and 2). in
particular, the role of the NEP] + Oz[X’j;Zg;reaction in the production of vibratinnally excited
NO molecules is being examined. The current NORSE code assumes that all of the exothermicity
of this reaction goes into vibrational excitation of the NO product molecule, with all levels being
equally populated up to v = 26. The purpose of this report is to examine in detail the kinetic
routes of the N + O, reaction, including those which lead to electronic as well as vibrationally
excited products. A preliminary ab initio study of the reaction has been carried out which suggests
that only a fraction of the collisions result in vibrational excitation in the product channels.

The molecular correlation diagram for the N + O, reaction is given in Table 1 for C;, Cyy
and Ceoy symmetry. This corresponds, respectively, to oblique, perpendicular and linear collisions
of the N atom with the O, target molecule. The adiabatic molecular correlations for Cey and Cg
symmetry are shown in Figs. 1 and 2, respectively. These diagrams represent a more complete
version of those given by Donovan and Husain (Reference 3) and by Schofield (Reference 4).

Since the kinetic behavior is governed by an average over all collisional trajectories, we
illustrate the adiabatic correlations in Cg symmetry for the doublet surfaces in Fig. 3, and for the
quartet surfaces in Fig. 4. In particular, we illustrate the adiabatic connections from N[2P] +
Oz[X3Z;] in bold lines on these figures. The energetics of the adiabatic reaction surfaces arising
from N[?P] + O and N[?D] + O are shown in Tables 2 and 3, respectively. For N[?P] + Oy,
only the third reaction [yielding NO(X?IT) + O * (!D)] is exothermic enough to yield NO with a
significant degree of vibrational excitation, provided that this reaction proceeds along an
adiabatic pathway. However, there is spectroscopic evidence that curve-crossing and
non-adiabatic behavior may occur for this system. The ground 2A state of NO; adiabatically
correlates to the reactants: N[*S] + O[X3Z;], whereas the first excited 2B state correlates to
excited state reactants, N[2D] + O[X3Z;]. However, the 2B state lies lower as we connect to the
NO(X?IT) + O[3P] dissociation limit. In addition, Gilmore (Reference 5) has pointed out that NO
quenching of both O * [1S] and O * (D] proceeds very rapidly, further indicating curve-crossings
in the doublet surfaces.

In order to clarify the branching kinetics of the N * [2P] + 02[X3ZQ reaction, we have
initiated an extensive serics o1 calculations of the potential energy reaction surfaces for NO, in the
following symmetries: 2A’, 2A", A", #A". Preliminary CI calculations, using the GAMESS code
(Reference 6), were carried out in Cg symmetry assuming a frozen core of (1a'%)(2a") (3a’'d)




(4a'2), (5a'2) (6a'2), which is the Hartree-Fock representation of the inner 1s and 2s electrons.
Unfortunately, the characteristic charge density corresponding to this core representation differs
significantly for different spin and spatial couplings of N + O,. The characteristic charge of the
(6a'2) pair, for example, differs in calculations in 2A’ symmetry as compared with 2A” or %A’

symmetry. Thus only a frozen inner shell (1s electrons) appears to be possible for this system.
This smaller frozen core representation results in a great increase in the CI size, from 3048 to
28503 for A’ symmetry and from 3000 to 28125 for 2A” symmetry. The calculations must
therefore be carried out on a CRAY computer and the necessary code modifications for running
this problem on the DNA access machines at LANL have been made. The calculations are
carried out in Cg symmetry since we need to simultaneously examine the N + O, reaction path on
nineteen surfaces in A’ and 2A” symmetry and on twelve surfaces in A’ and 4A” symmetry.

The results of our initial studies of the long range N + O behavior are summarized in
Table 4. We find that two of the states correlating to N[?P] + O[X3Zg}, 2A'X and 2A" IX,
exhibit long range repulsion and thus should correlate adiabatically to NO[a*TT] + O[°P) and
NO([XXT] + O[!S] respectively. This leaves only the 2A” VIII surface correlating to NO[X2P] +
O[!D]. For the quartet surfaces which adiabatically correlate to NO[a*T] + O[3P], no
vibrationally excited ground state NO[X?IT] is predicted. Detailed calculations of these quartet
surfaces are in progress.

The statistical branching in the N + O reaction can be partially analyzed in terms of these
calculated potential energy surfaces. In Table 2, which lists the N * [2P] + O reaction surfaces,
we see that only the third reaction, which yields NO[X?[T] + O[ID], is exothermic enough to yield
NO with any significant degree of vibrational excitation. The -zaction surfaces for N * [2D] + O,
are listed in Table 3. Three surfaces represent closed (endoi.iermic) channels for low energy
collisions and are non-reactive for air chemistry. Six surfaces produce ground state NO with
nearly 4 eV internal (rovibrational) energy and one surface produces NO with less than 2 eV
internal energy. Thus, of the 16 potential surfaces governing the N[2D] + O, and N[?P] + O,
reactions, we find the following:

a. 3 are non-reactive (endothermic)

b. 6 lead to electronically excited products with the result that the NO that is produced is
not rovibrational excited.

c. 7 lead to the production of ground state NO with significant (34 eV) rovibrational
excitation.




Further, 60% of all collisions involving N[2D] atoms should produce NO with significant internal
excitation but only 1/6 of all collisicns involving N[2P] atoms appear to lead to rovibrationally
excited NO molecules. Non-adiabatic behavior at closer internuclear separations could modify
these relative branching ratios but will not change the conclusion that ~ 1/2 of all collisions of
N[D, 2P] + O, lead to NO with little or no rovibrational excitation. Detailed studies of these
reaction surfaces are in progress to further analyze the branching rates in this system.
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Table 1. Molecular correlation diagram for N + O,.

Reactants

N(%Sy) + 0, (X3Z)

N(*Sy) + Oz (alap)

N(*Sy) + Oy (blzy)

N(Dy) + OAX3Zy)

N(*Dy) + Oxally)

N(?Py) + O1X3Z))

N(*Dy) + O2(b1%;*)

N(*Sy) + O2(c'Zy)

N(Sy) + Oz2(A 34,)

N(*Sy) + O2(A%%,*)

Energy (eV)

1.401

2.383

3.037

3.785

4.766

4977

5.420

5.499

5.701

5.789

States

2,4,62 +
2,4,6B 1
2,4,6 A ’

4A
‘Az “B,
4A " 4A'

42-
4 AZ
4 A"

2,42 + 2,4n, 24/
24B1 (2), 2*By, 24A,, 24,
247" (2), 2%A’ (3)

23+, 23- 201, 2A, 20, T
%A1 (2), 2A2(3), 2B; (3), 2B1(2),
2A" (5), 2A" (5)

243- 2411
A, 244, 24B,
ZA1, 2447 (2)

23- 201, 24
2A1, 2AX(2), 2B, 2B,
2A’ (2), 2A” (3)

4y +
4A1
4A:
2,4,6A

24,6 b 2.4.632
2464 , 24,6 -

2.4.62—
2,4,632
2‘4,6 A ”

Point Group




Table 1. Molecular correlation diagram for N + 0;. (Concluded)

Reactants

N(%P,) + Oz(al4y)

N(?P,) + O, (b1Zg*)

Products

NO(AT) + O(’Py)

NO(AT) + O (!Dy)

NO(ZTD) + O (ISp)

NO (a‘TT) + O (°Pyp)

NO (A?Z*) + O (Py)

NO (B2T) + O (3Pg)

NO (b*Z") + O 3Py

Eneryg. (eV)

5.958

6.612

Energy (eV)

1.967

4.189

4.765

5.450

5.693

6.0344

States

TL 24, 20
2A1(2), 2A,, 2B,, 2B, (2)
2A (3), 2A" (3)

23+ 71
2A,, 2By, 2B,
2A" (2),2A"

States

2,42 + , 2,42—’ 2,411 24 A
24A'(3), 24A"(3)

23+,23-, 771(2), %A,
A" (5),2A" (5)

a1
2 Al , 2 A "
2463+ , 2.4.62-, 24,617 24.6A
248A" (3), 246A" (3)

243- 2411
294, 287" (2)

2.42 + , 2.42-‘ 2,411 24 A
2477 (3), 24A” (3)

2463 + , Z24,6[7
24,64 (2), 2464 -

Point Group

Coov
Co
Cs

CWV
Cov
Cs

Point Group




Table 2. Adiabatic reaction surfaces arising from N[2P] + O,.

N*[2P] + Oo[X°Z] — NO;*[2A'X] — NO*[2T]] + O [’P] + 0212¢eV
- NO*[*A'VI] — NO*[a%T] + O [°P] + 0212eV
—~ NO*[2A" vill] - NO [X2[1] + O*['D}+ 3.010eV
- NO2*[*A"V] = NO*[a%]] + O [°P) + 0212¢eV
- NO;*[2A"1X] — NO [X2T] + O*[!S] + 0.788eV
- NOy*[*A"VI] — NO*[aYl] + O [’P] + 0212¢eV

Table 3. Adiabatic reaction surfaces arising from N[2D] + O,.

N*[2D] + Oi(X3Z] NO,*[2A’ 1) NO [XAT] + O [’°P] + 3.785eV

- NO*[PA'm}] — NO [X4I] + O [°P] + 3.785eV
- NO;*[PA’'IV] — NO [XAT] + O*[!D]j+ 1878eV
-~ NO*[2A"1] — NO [XAT + O [3P] + 3.785eV
- NO;*[PA"1] — NO [XUT + O [P] + 3.785eV
- NO;*[*A'm] — NO [XIT] + O [’P]) + 3.785eV
- NO;*[*A'IV] = NO*[a%T] + O [°P] - 0980 eV
—~ NO*[*A'V] = NO*[a¥T] + O [°P] - 0980eV
- NO*[‘A"m] — NO [XAT) + O [°P] + 3.785eV
- NO,*[*A"IV] — NO*[aT] + O [°P] - 0980 eV

10




Table 4. Minimum energy long range interaction potentials for
N + O, in C, symmetry.

Long Range
25 R = 4.0 bohrs? R = 3.0 bohrs Character
Sy + X3Zg -201.4657103 -201.4657669 a
-201.3423547 -201.3428036 a
D, + X3Z, ~201.3423540 -201.342542 r
-201.3423535 -201.3415228 r
~201.3045858 -201.3051402 a
~201.3045827 -201.3048667 a
D, + alj, -201.3045808 -201.3043220 T
-201.3045790 -201.3041826 r
~201.3045775 -201.3040453 r
P, + X3%g ~201.2994959 -201.2988189 r
ZA”
D, + X3z ~201.3423546 -201.3427958 a
-201.3423536 -201.3420978 r
-201.3045845 -201.3051136 a
-201.3045830 -201.3048777 a
2Dy + aljg -201.3045810 -201.3043588 r
-201.3045790 -201.3041614 r
-201.3045775 -201.3040561 a
P, + X%, -201.2994986 -201.2999683 a
~201.2994921 ~201.2987603 r

11

2R is measured from N to the center of the O, molecule, energy in hartrees.
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2CYS ATTN: DTIC/FDAB

STRATEGIC AND THEATER NUCLEAR FORCES
ATTN: DRE SEVIN

STRATEGIC DEFENSE INITIATIVE ORGANIZATION
ATTN: CS
ATTN: EN
ATTN: PTP COL RIVA
ATTN: PTP LTC SEIBERLING
2CYS ATTN: SDiIO/TNS MAJ IMKER
ATTN: TN/DR M GRIFFIN

DEPARTMENT OF THE ARMY

HARRY DIAMOND LABORATORIES
ATTN: SLCIS-IM-TL

U S ARMY ATMOSPHERIC SCIENCES LAB
3CYS ATTN: SLCAS-AE-E
ATTN: SLCAS-AS-M R OLSEN

U S ARMY MISSILE COMMAND/AMSMI-RD-CS-R
ATTN: AMSMI-RD-CS-R

U S ARMY NUCLEAR & CHEMICAL AGENCY
ATTN: MONA-NU D BASH

U S ARMY RESEARCH OFFICE
ATTN: R MACE

DEPARTMENT OF THE NAVY

NAVAL AIR PROPULSION CENTER
ATTN: PE34 F HUSTED

NAVAL POSTGRADUATE SCHOOL
ATTN: CODE 1424 LIBRARY

NAVAL RESEARCH LABORATORY
ATTN: CODE 2000 J BROWN
ATTN: CODE 2627
ATTN: CODE 4121.8 H HECKATHORN
ATTN: CODE 4128.2 J JOHNSON

Dist-1

ATTN: CODE 4700 W ALI
ATTN: CODE 4700 S OSSAKOW
ATTN: CODE 4720 J DAVIS
ATTN: CODE 7127 C JOHNSON
ATTN: CODE 7557 J DAVIS

OFFICE OF NAVAL RESEARCH
ATTN: CODE 1112

DEPARTMENT OF THE AIR FORCE

AIR FORCE GEQPHYSICS LABORATORY
ATTN: OP A GIANETT!
ATTN: OP A RATKOSKY
ATTN: OP /D PAULSEN
ATTN: OPE GOOD
ATTN: OP W BLUMBERG
ATTN: OPE H GARDINER

AIR FORCE OFFICE OF SCIENTIFIC RSCH
ATTN: AFOSR/NC
ATTN: AFOSR/NP

USAFETAC/CB
ATTN: CBTL

WEAPONS LABORATORY
ATTN: WL/SUL

DEPARTMENT OF ENERGY

EG&G, INC
ATTN: C ANDELARIA

LAWRENCE LIVERMORE NATIONAL LAB
ATTN: L-84 A GROSSMAN
ATTN: L-84 G SIMONSON
ATTN: L-84 H KRUGER

LOS ALAMOS NATIONAL LABORATORY
ATTN: REPORT LIBRARY

SANDIA NATIONAL LABORATORIES
ATTN: CODE 9014 R BACKSTROM
ATTN: TECH LIB 3141

OTHER GOVERNMENT

DEPARTMENT OF COMMERCE
ATTN: ASST ADMINISTRATOR, RD

NASA
ATTN: CODE JMé6

NATIONAL OCEANIC & ATMOSPHERIC ADMIN
ATTN: D ALBRITTON
ATTN: W SPJELDVIX

NATIONAL SCIENCE FOUNDATION
ATTN: DIV OF ATMOS SCI R MCNEAL
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DEPARTMENT OF DEFENSE CONTRACTORS

AEROSPACE CORP
ATTN: C CREWS
ATTN: CRICE
ATTN: D RUDOLPH
ATTN: DR J M STRAUS
ATTN: G LIGHT
ATTN: J REINHEIMER
ATTN: N COHEN
ATTN: R COHEN

ERIM
ATTN: IRIA LIBRARY

GENERAL RESEARCH CORP INC
ATTN: J EOLL

INSTITUTE FOR DEFENSE ANALYSES
ATTN: E BAUER

JOHNS HOPKINS UNIVERSITY
ATTN: J KAUFMAN

KAMAN SCIENCES CORP
ATTN: DASIAC
ATTN: £ CONRAD
ATTN: G DITTBERNER

KAMAN SCIENCES CORPORATION
ATTN: B GAMBILL
5CYS ATTN: DASIAC
ATTN: R RUTHERFORD

LOWELL. UNIVERSITY OF
ATTN: G S SALES

MCDONNELL DOUGLAS CORPORATION
ATTN: J GROSSMAN

MISSION RESEARCH CORP
ATTN: R ARMSTRONG
ATTN: W WHITE

MISSION RESEARCH CORP
ATTN: R L BOGUSCH

MISSION RESEARCH CORP
ATTN: C LONGMIRE
ATTN: R HENDRICK
ATTN: R STOECKLY

2 CYS ATTN: TECH LIBRARY

PHOTOMETRICS, INC
ATTN: | L KOFSKY

Dist-2

PHOTON RESEARCH ASSOCIATES
ATTN: D BURWELL

PHYSICAL RESEARCH INC
ATTN: W. SHIH

PHYSICAL RESEARCH, INC
ATTN: T STEPHENS

PHYSICAL RESEARCH, INC
ATTN: J DEVORE -
ATTN: J JORDANO

PHYSICAL SCIENCES, INC
ATTN: G CALEDONIA

R & D ASSOCIATES
ATTN: F GILMORE

SCIENCE APPLICATIONS INTL CORP
ATTN: D HAMLIN
ATTN: D SACHS

SRI INTERNATIONAL
ATTN: W CHESNUT

TECHNOLOGY INTERNATIONAL CORP
ATTN: w BOQUIST

TELEDYNE BROWN ENGINEERING
ATTN: P SHELTON

TOYQON RESEARCH CORP
ATTN: JISE

TRW INC
ATTN: TECH INFO CTR

TRW SPACE & DEFENSE SECTOR SPACE
ATTN: HL DEPT LIBRARY

UNITED TECHNOLOGIES RESEARCH CTR
5CYS ATTN: H MICHELS

VISIDYNE, INC
ATTN: J CARPENTER

DIRECTORY OF OTHER

HARVARD UNIVERSITY
ATTN: LIBRARY




